ABSTRACT: Quantum calculations describing transport of K + through a K v 1.2 channel cavity, plus the lower half of the selectivity filter (SF), show hydration in the pore and cosolvation by threonine at the entrance to the SF. Comparison to calculations on Na + ions gives the probable selectivity mechanism. A single K + ion is calculated at five positions in its course through the cavity, and two ions calculated at three positions at the entrance to the SF. Three Na + pairs of ions were also calculated, and one shows how an ion is trapped asymmetrically, tightly held by two threonine -OH, and with a water tightly bound ahead of it, so that overall it has a major barrier to advancing, while K + advances with minimal barriers. In the cavity below the SF, the ion passes in a hydrated state through pore water, between the intracellular gate and the SF, until it is cosolvated by the threonines at the selectivity filter entrance. These calculations show how the ion associates with the water, and enters the SF. A characteristic arrangement of four water molecules adjacent to the SF in the KcsA channel, shown in earlier work, is now found in K v 1.2.
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A single ion passing through the channel cavity is found to have an energy minimum within 1 Å of the K + ion position in the 3Lut pdb structure of this channel. Properties (e.g. dipole moment)
of the system are calculated. Charge transfer to the ion produces K + charge 0.74 ≤ q(ion) ≤ 0.87 e, in different conditions. The calculations of pairs of Na + and K + ions at the SF entrance include the threonine, valine, and glycine of the conserved SF TVGYG sequence. The Na
shows a reason for the conservation of the threonine in producing selectivity, as the -OH groups INTRODUCTION: Potassium channels are essentially ubiquitous in biological cells; they are even found in viruses(1, 2). Malfunctions of these channels are responsible for multiple diseases (3) (4) (5) (6) . To understand their functions, there are four major classes of questions that must be addressed: 1) the mechanism of gating, or opening and closing the channel 2) the mechanism of conduction of ions in the open channel, 3) how the channel stops conducting without returning to the original closed configuration (C-type inactivation) 4) the mechanism of selectivity: why does a K + channel conduct K + >10 3 times better than it conducts Na + ?(7) Here we consider questions 2 and 4, conductivity and selectivity. Water is critical in the passage of ions through the pore, as well as in transferring the ion from the pore to the selectivity filter (SF), a relatively narrow region near the extracellular end, generally considered responsible for the selectivity of the channel. There is a cavity, or vestibule, between the activation gate and the SF, and the passage of a potassium ion through this section has not been the focus of as much attention as has been devoted to the other questions. However, this is a necessary part of the conduction path, and the rearrangement of water in this path is a key to the connection of the gate to the SF.
The passage of the ion through the vestibule, or cavity, between the gate and the SF has been studied in a number of ways, including considering the channel as though it were a macroscopic system (8) . However, it is necessary to understand the mechanism at atomic level resolution.
Conduction has generally, for many years, been described in terms of some variation of a knockon mechanism, which couples entry of an ion into the gate and on into the cavity, to the progress of an ion already in the cavity on into the SF. Much of the evidence comes from the KcsA channel, a bacterial channel that is gated by a drop in pH, and which does not contain a voltage sensing domain. 2D spectroscopy of the SF of a semi-synthetic KcsA channel favors a knock-on model for ion transport that requires water (9) ; no model that omits water could be compatible with the data. Kraszewski and coworkers carried out a computation of the positions of the ions in the SF showing a barrier-less transition consistent with a knock-on mechanism, and emphasizing the importance of a charge at the extracellular mouth of the SF. (10) However, KcsA has a relatively short cavity, which appears to have 12 water molecules, while the longer K v 1.2 has many more.
However, the SF is almost identical in KcsA and the voltage-gated channels. Cuello, Marien
Cortes and Perozo(11) determined the KcsA structure in several cases, which they attributed as follows (pdb codes given first): 1k4c (12) attributed to a kind of constriction of the SF. Some years earlier, we did a quantum calculation, starting from the 1k4c structure, showing the water in the pore under the SF with four molecules hydrogen bonded to the threonines at the bottom of the SF(13), a configuration we called a "basket". Their experimental structures show the positions of crystallographic water in the pore, and the hydration of the K + ion. Our calculation showed the position of the four "basket" water molecules with the orientation of the hydrogens, and their hydrogen bonding to SF threonines.
This holds the water structure together (in addition to the one bond per water with its neighboring water). The calculated water structure shows approximately the correct spacing of the molecules, according to the structural study of Cuello et al on the 1k4c structure, which we used (14, 15) . Repeating this for the K v 1.2 (3Lut structure, with H atoms added (16)) structure, and finding essentially the same "basket", generalizes this result.
The relation of water to selectivity, particularly the structure at the threonine at the junction of the pore and the SF, has been studied extensively. De et al (17) considered the entire SF, and found that Na + bound more tightly than K + at val76 in KcsA, the residue just above threonine in the SF. However, Krishnan et al (18) showed by mutations that the threonine played the major role in K + /Na + selectivity. Noskov et al (19) used MD to argue for protein flexibility in the SF as being important for selectivity. However, Wang et al (20) used FRET, in a somewhat different potassium channel (the inverse rectifier Kir1.1), but with similar SF, to argue that flexibility in some mutants destroys selectivity. Shen and Guo proposed that fluctuations in the SF of a channel mutated from the non-selective NaK channel were important (21) . A strong role for electrostatics has also been considered (22) . The subject has also been reviewed multiple times (e.g., (23) (24) (25) ). Given the range of proposals, clearly there is more to be done to elucidate selectivity. However, as far as we are aware no previous quantum calculation has shown the specific structure as the ion moves from the pore into the initial position in the SF. Two previous studies using quantum calculations are particularly relevant, however. Huetz et al (26) carried out a partially QM calculation on the SF. They did not look for asymmetry in the position of Na + but they very carefully studied the charge transfer to the ions. with results very similar to those we find. Their results do not show in detail how Na + and K + differ in their linkages to oxygens in the SF, nor the role of the threonine hydroxyls, but they have the basic calculation that would lead to understanding selectivity. We appear to have carried out the only other previous relevant quantum study, on KcsA (13, 14) . We did find the asymmetry of the Na + binding, but did not have the detail that explains selectivity and the importance of the threonine hydroxyls.
Water plays a role in properties other than conduction and selectivity. While we do not consider inactivation in our calculations, it is worth mentioning that inactivation also has a major role for water in and near the SF, as has been discussed by multiple authors. Water is required within the SF for inactivation in the KcsA channel (27 Natural Bond Order (NBO)(37) calculations were done under Gaussian also. Optimization was done at HF/6-31G* level, and the optimized structures were used as the basis for single point calculations of energy and of other properties at B3LYP/6-31G** level, using NBO at this level.
Two sets of calculations were done:
1) The cavity between the pore and the selectivity filter: The starting protein coordinates were taken from the 3Lut pdb structure (38) , which includes the hydrogens, added by normal mode analysis, and optimized with 50 molecules of water added; the coordinates of the water were optimized along with the protein. The upper limit on the system included the threonine of the TVGYG sequence, with water, and extended to the backbone of valine beyond. The K v 1.2 cavity contains many more than the 12 water molecules of KcsA; we have here included some water that started, and sometimes remained after optimization, slightly outside the cavity, for the 50 molecule total. The calculation includes 870 atoms, 720 from the protein, plus the K + ion. Six cases have been optimized: one without the ion, then one with the ion at a position approximately 2 Å above the PVPV gate where it optimizes (when the ion is placed at the level of the PVPV sequence, and not frozen, it moves, so that there is a barrier at this level-its energy is higher than the energy of the ion 2 Å further up). The ion is then frozen at the optimized position (labeled 0 Å), and at positions 2, 4, 6, and 8 Å above this, and then the rest of the system optimized. Of the protein atoms, 178 atoms near the periphery were frozen; it was >6 Å from the nearest frozen atom to a water oxygen, for all atoms; near the center of the cavity, >8 Å. Freezing peripheral atoms was required to make up for the absence of other atoms that would have held these atoms in place. All side chains that could come in contact with the ion or a water molecule were free. No water molecules were frozen; the potassium ion positions given are frozen with respect to the protein frozen atoms. Each calculation is separate, so if there were significant random errors, one would not expect that the energy values would produce a coherent result. One additional calculation with a second ion at the bottom of the cavity was also done, and gave a result slightly closer to the X-ray structure with the ion near the crystallographic ion position, and the stretch at the upper end that is described in results gone; in this case, the ion to protein atom distances everywhere
were within approximately 0.5 Å of the X-ray value.
2 Table 4 and There is electron density transfer to the ion, so that the water becomes very slightly positive, as the ion loses charge. In addition, as we see below (Fig. 3) , when the ion is at or below the center of the cavity, there is not a great deal of difference in the total dipole moment of the water molecules whether the ion is present or not, but above the center the difference is large. Finally, when the ion is above the position in Fig. 1F , it largely disrupts the basket, and is partially solvated with the oxygens from the threonines (see second calculation set).
The calculation shows an energy minimum with the ion in the center of the cavity, consistent with the fact that an ion is found approximately there in the crystal structure (Fig. 2) . The minimum we calculate is at a position within approximately 0.5 Å of the crystallographic position, by comparison with three atoms at or below this point; the calculation is done at 2 Å intervals, limiting resolution. However, atoms near the top of the calculation are ≥2 Å higher with respect to the ion at the center than the X-ray distance, as though the cavity had expanded by perhaps 2 Å. Calculations in one case with a second ion below the central ion and near the PVPV gate level, however, give back the X-ray dimensions to within 0.5 Å. This suggests that the dimensions of the cavity, and the positions of the water, are affected by the presence of the ions in the cavity. Table 1 shows the distances for this case, where the optimized structure reproduces the X-ray distances. 
*the ion distance is determined to these specific atoms on the designated amino acid
The depth of the center energy minimum in Fig. 2 , from the single ion calculations, seems appreciably too large. However, this single ion energy curve is sufficient to show that the ion is stable at the center of the cavity when a second ion has not yet entered the cavity. Including a second ion is almost certainly going to prove necessary to get complete agreement with experimental energy requirements for the ion to move forward in the pore; the one two ion calculation so far gives the coordinates with one ion at the center position, not the complete curve, so the well depth is not yet determined. The single ion results are necessary first, or the two ion results could not be interpreted, as the interaction effects could not be isolated.
Furthermore, the single ion states may well exist as transient states. The one ion results are close to the X-ray structures, and the one calculation with a second ion, very close (Table 1) . As the K + position is not that close without the second ion, the agreement in Table 1 is significant; the calculation allows for disagreement.
We expect that the dipole moments of the water should follow the ion, rotating as the ion moves up. Figure 3 shows the vertical (i.e., parallel to pore axis) component of the dipole moment of the water molecules only (no protein contribution), with and without the ion, for the five positions.
The water molecule coordinates are identical for the two curves in the figure, showing the large effect of the ion's charge in the upper region of the cavity on the charge distribution in the water molecules. Table 2 gives all components of the dipole moment. The other two components show the effect of the ion to be smaller, but not entirely negligible. As water coordinates are identical, the dipole difference is a product of charge transfer and polarization, along with the charge on the ion itself. With the ion, the vertical component of the dipole is positive even when the ion is at the 0, 2, and 4 Å positions, so the majority of the dipole is due to the water molecules, not the ion; the ion should contribute in the opposite direction at positions 0 and 2. Although the ion shifts the center of charge, the fact that it makes much more difference when near the top suggests that it is not simply the charge on the ion that determines the dipole. The ion in the top two positions may make a large contribution to the overall charge distribution, in addition to that of the water molecules; in these positions the water alone has a large negative dipole, which is largely cancelled apparently by the positive charge on the ion.
Charge transfer to the ion lowers the charge on the ion, shown in Table 3 0.802 with 6/31+G**, with the upper ion in Fig. 4A . This is not a large difference. However, when the ion was placed at the bottom of the structure (i.e., at the top of the cavity, below the SF, near the 8 Å position in the 871 atom computation, but using the 457 atom SF computation), thus essentially in water, and some distance from protein, the K + charge was 0.781 without diffuse functions, 0.872 with them. This is a substantial difference; the latter matches the result in the literature for water (40) , while the former suggests that without the protein at least, it is necessary to have the diffuse functions. Charge transfer is substantial by any measure, and with the protein, there is a larger charge transfer. Surprisingly, the charge transfer to Na + is not much different:
With the diffuse functions, the ion charge in the upper position is 0.774 e, in the lower position, 0.891 e. Charge transfer changes as the ion moves. Water may be able to draw electron density from the protein, which in turn can be added to the K + . This suggests caution in quantitative interpretation of the results in Table 3 . However, the principal qualitative conclusions, that there is substantial charge transfer, that the protein is important in this, and that it is position dependent, are unchanged. The effect is discussed at length by Weinhold and Landis, with an explanation of its origin in the back bonding of the bond orbitals (Chapter 2 of their book in particular) (47) . MD simulations would not reflect this position dependence of charge transfer. Table 3 , the K + net charge is less than 1. The last two rows give the distribution of the electron density transferred to the ion; in essence, the second line shows the charge density in 3d + 4s + 4p orbitals, the last line to the sum over higher orbitals. If the net charge were a full +1.00, the last two rows would show 0.00 everywhere. The fact that this is not the case must be taken into account in understanding the behavior of the ions in the cavity, and the fact that the charge changes in different locations is something that must be accounted for in modeling ion transport in this system.
The NPA analysis showed some slight density in even 5s and 5p orbitals. When the protein is included in the calculation, there is 0.035 less charge transfer at the bottom of the cavity, but about the same at the top. The larger charge transfer difference as the ion moves up must affect the dipole of the system, The difference is not huge, but the energy involved is larger than k B T, hence sufficient to affect the transport of the ion. Much more important, as we discuss below with the calculation at the SF entrance, even the fairly small occupancy of the larger extension of the 5s and 5p orbitals may help K + interact with all four threonines, while Na + cannot. The effect of the protein on the charge transfer is significant, but by checking against the water-only background, we get a clearer picture of charge transfer.
RESULTS 2): THE TRANSITION OF THE ION TO THE SELECTIVITY FILTER: THE STRUCTURE OF LOCAL ENERGY MINIMA
Finally, we need to know what happens as the ion penetrates the water basket immediately below, and hydrogen bonded to, the threonines, and then moves into the SF. Selectivity is one of the classic questions in ion channel function, with studies going back almost a half century (48) .
Calculations on a 457 atom subset of the pore (2 ions, 13 waters, 416 protein atoms), including the S4 (lowest) position of the SF, where the ion enters, plus most of S3, show the disruption of the basket, as well as the solvation of the ions by the oxygens from water and the oxygens of the threonines. We have found major differences in the way K + and Na + behave as they pass the water basket and bond to the threonine oxygens, with Na + becoming trapped, largely by the hydroxyl threonines, while K + passes these, interacts with carbonyl oxygens, and experiences essentially no barrier. This is shown in Table 4 , while Fig. 4 shows the position of the ions, calculated from three starting positions. The K + ion is apparently accompanied by the water to which it is effectively bound (above it, approximately in position S3 of the SF, in Fig. 4C ), while migration of Na + is trumped by an energetic wall; when the ion reaches the level of the threonine oxygens, there is a tightly bound water, at a distance of 2.7 Å ahead of it, while the ion is held by three hydroxyl oxygens from threonines. One Na + calculation is shown (Fig. 4D) illustrating the point that the Na + minimum is below that of the K + position (Fig. 4C) . The energies of the states through which the ions pass are also shown in Table 4 ; Na + is faced with approximately a 14 k B T barrier going on from its position in Fig. 4D ; experimentally, it takes approximately 300 mV to move Na + through the channel(49). The only barrier to K + is from Fig. 4 position (B) to position (C), and is only ≈5 k B T. A difference of 9kT corresponds to a factor of 8 x 10 3 , in the range of selectivity. However, the seemingly quantitative agreement is probably fortuitous. It shows that the calculation makes sense, but getting within one or two k B T is better than the expected accuracy of the calculation. Table 4 Ion -oxygen distances*, bond orders and energy: upper K + and Na + in the last two positions Fig. 4 *relevant oxygens only (solvating, or nearly so), distances in Å 1: from threonine 2: the lowest position is not included in the Table, nor in Fig. 4 Table 4 shows stark differences between Na + and K + in solvation, bonding, and energy. Na + does not get to where it connects to the carbonyls at all. In the Na + (-) case we see the asymmetry of the bonding to the hydroxyls: 2 short distances, 2 quite long distances. K + is not entirely symmetric itself, with one long distance. However, K + goes higher, connecting fairly symmetrically to the carbonyls in (C), while Na + cannot do this. Also, K + goes down in energy to get to position (C), while Na + has a large barrier. This is compensated to some extent in the next step, but, as Na + never really reaches a comparable position, this is not a real comparison.
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Fig. 4: Subset of atoms cut from 457 atom calculations. Progress of a K + ion and water molecule (arrows) from cavity (A) to the lowest position of the selectivity filter (S4, B) to the next position of the selectivity filter (S3, C). The one Na + case is D. In A a second ion is in the S3 position at the top. In B that ion is still at S3, as the first ion moves up from the cavity (two steps may be needed). A water molecule (bright blue, arrow) separates the two ions. In C the ion is between S4 and S3, while the upper ion has moved up, out of the figure, and S3 is now occupied by the arrow water molecule (bright blue); at the bottom, an ion has moved into a position essentially the same as the lower arrow ion was in
Finally, we note that the water above the Na + is quite close in the final position, 2.27 Å, but that water does not bond to the ion. Instead, it bonds to a water, shown in black in Fig. 4D , forming a lid over the ion. The ion in the previous position (Na + (-)) is strongly bonded to water below, and to two -OH groups. K + is very different. In position (B) the bonding above and below is roughly equal, and in position (C) most of the bonding is to the carbonyls, and even that is less strong than that attaching the Na + . Taken together, Fig. 4 and Table 4 provide strong evidence for a series of steps that produces selectivity.
Also in these calculations; we again see the water molecules near the threonines at the bottom of the SF form a basket. A second ion may lower the barrier to moving the ion ahead of it to the SF, which would agree with the knock-on mechanism in a way, not by repelling the ion in the cavity center, but by rearranging the water. Direct ion-ion interaction would be likely to repel the incoming ion; the hydration states of the ions make the energy gradient favor the progress of the lead ion through the cavity while not repelling the incoming ion. For the K + ions, not only does the barrier almost disappear, but the ion-ion distance drops to 5.57 Å. As shown in Fig. 4 , the K + and water form what appears to be a complex ion, which is fairly stable. number is not stable as the ion moves, and it has been characterized as dynamic by some authors (50, 51) . Others have also considered the coordination number to be fundamental in selectivity (52) A Na + ion loses four-fold symmetry at the bottom of the SF. Table 4 shows the distances of the ions to the relevant oxygens of hydrating waters and carbonyl and hydroxyl for the three positions of each ion. The loss of symmetry with Na + is evident from both Table and Figure.
Also, Fig. 4 shows three positions of the K + ions with its solvating oxygens, compared to the one position of the Na + ion in which it is effectively trapped, which makes clear the difference between the two in the way they relate to the oxygens that solvate them; the asymmetry of the Na + binding means that there are two strong interactions with oxygens of the threonine and two less strong. Dzidic and Kebarle showed that the hydrating waters for both Na + and K + as an isolated species bound water molecules sequentially, until 6 were reached, with monotonically decreasing energy (53) , so the inequivalence of even nearly symmetric bonds may be expected.
The Na + coordination number is less than that of K + ; in Fig. 4D it is essentially four, with two others, more distant, only possibly weakly relevant to coordination.
Why is threonine so strongly conserved at the bottom of the SF?
The SF for this class of K + channels starts with the sequence TVGYG over an evolutionary range encompassing viruses (2) and almost all prokaryotes and eukaryotes. The discussion above suggests a reason for the importance of this. There are three amino acids with side chains containing hydroxyls, serine, threonine, and tyrosine. Serine and threonine have different side chain lengths, and tyrosine's properties are significantly different. The discussion above (Fig. 4 and Table 4 ) shows Na + solvated by threonine hydroxyls, while K + is solvated less tightly by the carbonyls. Table 4 shows the relevant distances from the ion. So far there is no complete quantum calculation of the TVGYG sequence (the closest was Huetz et al (26) , which gave a calculation that was QM/MM, and was not concerned with all aspects of the problem) but it is possible to hypothesize the main features of the part we have not calculated qualitatively; Na + having already been selected out, the final GYG only has to let the K + and accompanying water pass. The tyrosine -OH may be helpful in solvating the ion, while the glycines, lacking a side chain, allow space for the ion and water to pass. Calculations on this section are beginning, which should make the complete sequence of states clear.
SUMMARY: 1. The ordering of the water molecules around an ion passing through the cavity of the pore of the K v 1.2 channel produces an energy minimum when the ion is at the center of the cavity, with the calculated position within 0.5 Å of the position of the ion in the crystal structure for the lower section, ≈ 2Å for the upper section. One calculation with two ions corrects this, with the ion position almost exactly that in the X-ray structure.
2. Charge transfer of electron density from the water to the ion is large, and there is an indirect contribution from the protein. The charge on the ion drops significantly below 1.00, to 0.8 or less in some positions.
3. Before the ion reaches the threonines at the bottom of the SF, four molecules of water form a "basket", hydrogen bonded to the threonines; this is disrupted as the ion enters this position. In this position, earlier and present results show Na + differs significantly from K + , losing symmetry, and being bound tightly enough to the protein to prevent it from moving with normal electric fields.
4. The sum of the water molecules net dipole is significantly differently oriented when an ion is included in the calculation, even when the water coordinates are identical, implying significant charge shift without structural change.
5. Two potassium ions in the lowest positions in the SF form what appears to be a complex ion that has a surprisingly low energy, and that allows the ions to progress to the next position with relatively little additional energy. The ion plus water pair moves from the lowest S4 position to S3 in a concerted fashion. This is not the case with two Na + ions, which form configurations that lead to a major barrier to further progress into the SF.
6. It will be necessary to do more two ion calculations to gain a detailed quantitative understanding of the progress of the ion through the SF, especially of the interactions of the ions by way of the water, but the most important properties of the ion transport are at least qualitatively understood from the single ion results.
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